ABSTRACT
Introduction
Optimal post-remission strategies for acute myeloid leukemia in first complete remission remain controversial. Autologous hematopoietic cell transplantation with bone marrow or peripheral blood and allogeneic blood or marrow transplantation from an HLA-matched sibling donor are potentially curative for many patients with acute myeloid leukemia in first complete remission. At many centers, the preferred approach is allogeneic hematopoietic cell transplantation from a matched sibling donor or HLA-matched unrelated donors for patients with intermediate or high risk cytogenetic or molecular abnormalities. Allogeneic hematopoietic cell transplantation has not been shown to benefit certain categories of patients with favorable risk features. 1 Consolidation chemotherapy is another option for those with intermediate or favorable risk characteristics. 2 For patients without a suitable donor, autologous transplantation is also a valid option. The optimal post-remission treatment for acute myeloid leukemia in first complete remission remains uncertain. Previous comparisons of autologous versus allogeneic hematopoietic cell transplantation noted higher relapse, but lower treatment-related mortality though using bone marrow grafts, with treatment-related mortality of 12-20%. Recognizing lower treatment-related mortality using autologous peripheral blood grafts, in an analysis of registry data from the Center for International Blood and Transplant Research, we compared treatment-related mortality, relapse, leukemia-free survival, and overall survival for patients with acute myeloid leukemia in first complete remission (median ages 36-44, range 19-60) receiving myeloablative HLA-matched sibling donor grafts (bone marrow, n=475 or peripheral blood, n=428) versus autologous peripheral blood (n=230). The 5-year cumulative incidence of treatment-related mortality was 19% (95% confidence interval, 16-23%), 20% (17-24%) and 8% (5-12%) for allogeneic bone marrow, allogeneic peripheral blood and autologous peripheral blood stem cell transplant recipients, respectively. The corresponding figures for 5-year cumulative incidence of relapse were 20% (17-24%), 26% (21-30%) and 45% (38-52%), respectively. At 5 years, leukemia-free survival and overall survival rates were similar: allogeneic bone marrow 61% (56-65%) and 64% (59-68%); allogeneic peripheral blood 54% (49-59%) and 59% (54-64%); autologous peripheral blood 47% (40-54%) and 54% (47-60%); P=0. 13 and P=0. 19 , respectively. In multivariate analysis the incidence of treatment-related mortality was lower after autologous peripheral blood transplantation than after allogeneic bone marrow/peripheral blood transplants [relative risk 0.37 (0.20-0.69); P=0.001], but treatment failure (death or relapse) after autologous peripheral blood was significantly more likely [relative risk 1.32 (1.06-1.64); P=0.011]. The 5-year overall survival, however, was similar in patients who received autologous peripheral blood (n=230) [relative risk 1.23 (0.98-1.55); P=0.071] or allogeneic bone marrow/peripheral blood (n=903). In the absence of an HLA-matched sibling donor, autologous peripheral blood may provide acceptable alternative post-remission therapy for patients with acute myeloid leukemia in first complete remission.
Autologous blood cell transplantation versus HLA-identical sibling transplantation for acute myeloid leukemia in first complete remission: a registry study from the Center for International Blood and Marrow Transplantation Research ling donor myeloablative transplantation conducted in the mid-1990s favored the allogeneic bone marrow strategy because of a lower probability of relapse, despite the high incidence of treatment-related mortality of up to 30%. [3] [4] [5] [6] [7] In all of the prospective studies, and in general during this period, autotransplants were performed with a bone marrow graft and led to treatment-related mortality rates of 8-20%, considerably more than with consolidation chemotherapy. Since the completion of these trials, the stem cell source for autologous transplantation has shifted from bone marrow to peripheral blood. More recent literature suggests that the treatment-related mortality is significantly lower after autologous peripheral blood cell transplantation and the reported treatment-related mortality in many series was less than 5%. [8] [9] [10] [11] [12] [13] [14] One study analyzed outcomes of patients with acute myeloid leukemia in first complete remission after post-remission consolidation therapy based on donor versus no donor availability, but did not specifically investigate the cohort receiving only autologous peripheral blood cells. 15 A recent, large prospective randomized trial of peripheral blood autotransplantation versus intensive consolidation chemotherapy showed a lower relapse rate and superior relapse-free survival, but similar overall survival for the autotransplanted cohort. 3 The non-relapse mortality rate was 4% versus 1% for patients undergoing only consolidation chemotherapy. The majority of patients in that study had intermediate risk cytogenetics.
We were interested in determining the effect of the lower treatment-related mortality rate obtained with peripheral blood autografts reported since the earlier prospective trials and whether the benefit of lower treatment-related mortality with autologous peripheral blood cell transplantation translated into better outcomes compared with those of either allogeneic bone marrow or allogeneic peripheral blood transplantation.
The Center for International Blood and Marrow Transplant Research (CIBMTR) database offers a unique opportunity to conduct a comparative evaluation. We recognize the inherent limitations of a retrospective analysis of observational databases, especially in studies of hematopoietic cell transplantation in which factors affecting the patients' selection cannot be fully determined. Here, we confirm the lower treatment-related mortality associated with autologous peripheral blood cell transplantation and report that survival was similar among patients undergoing allogeneic transplantation with peripheral blood or bone marrow from a matched sibling donor for acute myeloid leukemia in first complete remission. Our data suggest that given the similar survival outcomes, future studies addressing post-remission strategies for acute myeloid leukemia in first complete remission should include consideration of autologous peripheral blood hematopoietic cell transplantation together with post-transplant treatment strategies and appropriate stratification for prognostic factors.
Design and Methods

Data sources
The CIBMTR receives data on consecutive allogeneic and autologous hematopoietic cell transplants from more than 450 transplantation centers worldwide. 
Patients
The study included all patients 19-60 years of age in first complete remission who underwent autologous peripheral blood transplantation or HLA-identical matched sibling donor myeloablative allogeneic bone marrow or peripheral blood transplantation for acute myeloid leukemia between 1995 and 2004, whose data were reported to the CIBMTR. Patients with M3 acute myeloid leukemia, granulocytic sarcoma, a known previous myelodysplastic syndrome or prior malignancy, and those who underwent syngeneic, T-cell depleted, umbilical cord blood or non-myeloablative transplants were excluded.
Cytogenetic risk categories were defined using the South West Oncology Group criteria. Good prognosis cytogenetics include: 16q, t(8;21) and t(15;17); intermediate prognosis cytogenetics include: +8, +21, t(1;7) and t(8;16); other abnormalities and poor prognosis cytogenetics include: -5/5q-, -7/7q-, -20/20q-, 3q, 11q, t(5;7), t(9;22) and t(6;9). Pre-transplant remission status was confirmed by morphological analysis of the bone marrow.
Endpoints
Primary endpoints were treatment-related mortality, morphological leukemia relapse (hematologic and/or extramedullary), leukemia-free survival and its converse, treatment failure, and overall survival. Treatment-related mortality was defined as death during continuous complete remission following hematopoietic cell transplantation. Relapse was defined as clinical or hematologic leukemia recurrence. For analyses of leukemia-free survival, failures were considered to be clinical or hematologic relapses or deaths from any cause; patients alive and in complete remission were censored at the time of last follow-up. For analyses of overall survival, failure was considered to be death from any cause; surviving patients were censored at the date of last contact.
Statistical analysis
Patient-, disease-, and transplant-related variables among the three groups (allogeneic bone marrow, allogeneic peripheral blood or autologous peripheral blood transplant recipients) were compared using the chi-square statistic for categorical variables and the Kruskal-Wallis test for continuous variables. Univariate probabilities of leukemia-free and overall survival were calculated using the Kaplan-Meier estimator, 16 with the variance estimated by Greenwood's formula. Probabilities of relapse and treatment-related mortality were calculated using cumulative incidence curves to accommodate competing risks. [17] [18] [19] Assessments of potential risk factors for outcomes of interest were evaluated in multivariate analyses using the pseudo-value technique. 20, 21 These analyses fit models to determine which risk factors are related to a given outcome. The pseudo-value technique is used to analyze survival data on predetermined time points when proportional assumptions needed for the Cox model 22 do not hold for overall survival. For 5-year overall and leukemia-free survival, pseudo-values were computed using the Kaplan-Meier estimator for the survival function and a generalized linear model with complementary log-log link function.
The variables considered in the multivariate analyses were age at transplant (≤40 years versus >40 years), gender (female versus male), Karnofsky performance score (≥90% versus <90% versus unknown), French-American-British subtype (M0-M2 versus M4-M7 versus other/unclassified), white blood cell count at diagnosis (<20x10 9 /L versus 20-50x10 9 /L versus 50-100x10 9 /L versus >100x10 9 /L), cytogenetics (no abnormalities or intermediate versus good versus poor prognosis versus unknown), extramedullary disease (no versus yes), time from diagnosis to transplantation, time from first complete remission to transplantation, chemotherapy cycles to achieve complete remission (1 versus >1), consolidation therapy prior to transplantation (none versus 1 versus ≥2 versus unknown), consolidation therapy prior to transplantation (standard dose cytarabine versus high dose cytarabine versus other drugs versus no therapy) and year of transplantation (1995-1999 versus 2000-2004 ).
An initial analysis determined cut points for low/high risk groups for two continuous variables (time from diagnosis to transplantation and time from first complete remission to transplantation) by multivariate analysis of overall survival at 5 years, based on pseudo-values and the Wald test statistic. Using the cut points obtained, regression models (generalized linear models with complementary log-log link function) were fitted to each time point for both overall survival and leukemia-free survival. The estimated hazard ratios of the final models are shown. Initially, an analysis was performed with each model containing the main effect for type of transplant (allogeneic bone marrow versus allogeneic peripheral blood versus autologous peripheral blood). However, risks associated with allogeneic bone marrow and allogeneic peripheral blood were virtually identical in all analyses, so final models show only the relative risk (RR) of each outcome for patients receiving any allotransplant (bone marrow/peripheral blood) versus those receiving an autologous peripheral blood cell transplant. Variables not listed in the final models did not meet the 0.05 level of statistical significance. All computations were performed using the generalized linear model with complementary log-log link function in the statistical package of SAS version 9". All P values are two-sided.
Results
Patients and clinical characteristics
A total of 1133 patients from 205 reporting centers in 38 countries met our study criteria. of whom 475 underwent allogeneic bone marrow transplantation, 428 underwent allogeneic peripheral blood cell transplantation and 230 underwent autologous peripheral blood cell transplantation. The median follow-up of survivors for the three groups (allogeneic bone marrow, allogeneic peripheral blood and autologous peripheral blood) was 82 (6-149), 61 (4-144), and 62 (1-139) months, respectively. Table 1 shows the patient-, disease-and transplant-related characteristics of the study patients and the decreasing use of autologous transplantation in more recent years of the study.
Treatment-related mortality
In univariate analysis (Table 2) , the rate of treatmentrelated mortality at 5 years was significantly lower after autologous peripheral blood cell transplantation (8%; 95% CI 5-12) than after allogeneic peripheral blood (20%; 95% CI 17-24) or allogeneic bone marrow (19%; 95% CI 16-23) transplantation (P<0.001). In multivariate analysis, other independent factors associated with increased treatmentrelated mortality at 5 years were age >40 years and transplantation before the year 2000. In univariate analysis, treatment-related mortality at 5 years among patients transplanted between 2000 and 2004 was 10% (95% CI 6-15) for allogeneic peripheral blood recipients and 0% for autologous peripheral blood recipients (n=51; 22 diseasefree, 29 relapsed).
Relapse
In univariate analysis (Table 2) , the 5-year relapse rate was significantly higher among patients undergoing autologous peripheral blood cell transplantation (45%; 95% CI 38-52) than those undergoing allogeneic peripheral blood (26%; 95% CI 21-30) or allogeneic bone marrow (20%; 95% CI 17-24) transplantation (P<0.001). In multivariate analysis, age did not influence risk of relapse after allogeneic bone marrow or peripheral blood transplantation, but there was an increased risk of relapse in older (>40 years) autologous peripheral blood recipients (P=0.018) ( Table 3 ). Other independent factors associated with increased relapse were presence of extramedullary disease and transplantation performed after the year 2000 (Table  3 ). For patients with and without extramedullary disease, the 5-year probabilities of relapse for allogeneic bone marrow, allogeneic peripheral blood and autologous peripher- 
Leukemia-free and overall survival
By univariate analysis, the 5-year leukemia-free survival rates for allogeneic bone marrow, allogeneic peripheral blood and autologous peripheral blood recipients were 61% (95% CI 56-65), 54% (95% CI 49-59) and 47% (95% CI 40-54), respectively (Table 2) (P=0.13). The univariate pairwise comparisons (pointwise P values at 5 years) showed an advantage for the allogeneic bone marrow transplant strategy over the other two approaches: allogeneic bone marrow versus allogeneic peripheral blood (P=0.046); allogeneic bone marrow versus autologous peripheral blood (P=0.001); and allogeneic peripheral blood versus autologous peripheral blood (P=0.13). In multivariate analysis, allogeneic hematopoietic cell transplantation was associated with a significantly lower risk of treatment failure (relapse or death) at 5 years (Table 3 , P=0.01). The only factor associated with increased risk of treatment failure was older age of the recipient at the time of transplantation. For patients ≤40 years of age, the 5-year leukemia-free survival was the same for allogeneic peripheral blood/bone marrow recipients and the autologous peripheral blood recipients; 54% (46-61) versus 57% (47-67).
To assess the potential value of hematopoietic cell transplantation for patients transplanted after a shorter period of first complete remission, the data were reanalyzed including only those patients transplanted within 12 months of achieving complete remission; excluding 10% of allogeneic bone marrow/peripheral blood recipients and 6.6% autologous peripheral blood cases from the analysis. The 5-year probabilities of relapse and leukemiafree survival were unchanged (Table 4) .
At 5 years, the overall survival probabilities for allogeneic bone marrow, allogeneic peripheral blood and autologous peripheral blood recipients were 64% (59-68%), 59% (54-64%) and 54% (47-60%), respectively (Table 2 ) (P=0.19). By pairwise comparison, overall survival was significantly better for allogeneic bone marrow recipients versus autologous peripheral blood recipients (P=0.016), but The numbers of patients who received a second transplant among the allogeneic bone marrow, allogeneic peripheral blood and autologous peripheral blood cohorts were 36 (7.6%), 54 (12.7%) and 26 (11.5%), respectively. The frequency was, however, higher among patients who underwent autologous peripheral blood transplantation in the period from 2000 to 2004: 11 of 51 (21.6%). To account for the possible effect of second transplants and other potential factors on these later outcomes, overall Autologous PBSCT versus allogeneic transplantation for AML in CR1 haematologica | 2013; 98 (2) 189 Table 2 .
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survival rates were determined at 1 and 5 years after leukemia relapse for allogeneic bone marrow/peripheral blood (n=212) and autologous peripheral blood (n=99) recipients, being 31% (16-48%) and 10% (6-15%) versus 28% (19-38%) and 8% (2-16%), respectively. Leukemia recurrence and infection accounted for the majority of deaths. Patients in the autologous peripheral blood cohort were more likely to die of primary disease (67% compared to 35% for recipients of allogeneic peripheral blood and 37% for those grafted with allogeneic bone marrow).
Discussion
Despite the many prospective trials of post-remission treatment for acute myeloid leukemia in first complete remission, a definitive role for autologous transplantation remains uncertain and is now less frequently performed. Several systematic reviews suggest an advantage of matched sibling donor hematopoietic cell transplantation for patients in first complete remission with high risk and, possibly, intermediate risk acute myeloid leukemia at diagnosis. 2 Earlier trials of allogeneic bone marrow versus autologous bone marrow transplantation showed advantages for the former with regard to leukemia-free survival. 1 More recent studies have compared patients treated on the basis of whether they do or do not have a donor, which has the advantage of avoiding the bias of eliminating higher risk patients who relapse before assignment to autotransplantation or to consolidation chemotherapy. This approach generally shows a benefit from matched sibling donor allografting. 2 The no-donor arms in such studies, however, combine patients treated with consolidation chemotherapy or autotransplantation, with the latter consisting entirely of autologous bone marrow recipients or with an unstated proportion of autologous peripheral blood recipients. 2 In one major study, only 28% of the cases without a donor received autotransplants and the proportion of autologous peripheral blood transplants was not specified. 15 Consequently, while treatment-related mortality in the "no-donor" arm was lower than that in the patients allografted from matched sibling donors, the treatment-related mortality due specifically to autologous peripheral blood transplants was uncertain. A recent, large prospective trial of autotransplantation versus consolidation chemotherapy (n=517) for patients with acute myeloid leukemia in first complete remission, conducted by the Dutch-Belgian Hemato-Oncology Cooperative Group (HOVON) and the Swiss Group for Clinical Cancer Research Collaborative Group (SAKK), demonstrated a low treatment-related mortality after peripheral blood autotransplantation (4%) and confirmed the lower relapse rate in patients treated with this strategy compared with consolidation chemotherapy (58% versus 70%, respectively; P=0.02). 3 The comprehensive CIBMTR dataset enabled us to investigate several issues that were not addressed by published prospective trials. We are aware of the inherent limitations of studying registry databases, including potential unknown selection biases, incomplete reporting of cytogenetic analysis, the relatively long interval over which the transplants were performed and data collected and the lack of a non-transplant chemotherapy cohort. We attempted to address as many of these issues as possible. In this context, the HOVON/SAKK study provided a valuable control cohort treated only with consolidation chemotherapy, which was not available in our dataset. Probability of leukemia-free survival, % Probability of overall survival, % © F e r r a t a S t o r t i F o u n d a t i o n than with allogeneic bone marrow/peripheral blood transplants, a finding confirmed by multivariate analysis (RR=0.37). While patients undergoing transplantation after 1999 had a significantly lower treatment-related mortality, likely related to improvements in supportive care, the 5-year transplant-related mortality rate for autologous peripheral blood recipients declined to 0% from 10% for years before 1999. However, relapse remained significantly higher following autologous peripheral blood transplantation than after allogeneic bone marrow or peripheral blood transplantation. As a result of these competing risks, the leukemia-free survival at 5 years was significantly inferior for patients undergoing autologous peripheral blood transplantation (RR 1.32, P=0.01), but only a marginal and non-significant difference in overall survival at 5 years was observed between patients treated with the two strategies (RR 1.23, P=0.07). For patients aged 40 years or younger, the 5-year leukemia-free and overall survival rates were the same following autologous peripheral blood and allogeneic bone marrow/peripheral blood transplants: 57% versus 60% and 62 versus 64%, respectively. Due to higher transplant-related mortality in patients >40 years, leukemia-free survival and overall survival in these older patients were significantly inferior not only with allotransplantation, but also with autologous peripheral blood transplants.
We also observed more frequent relapses after the more recent transplantations; the reasons for this are uncertain, but may be due to selection of lower risk patients for nontransplant therapies. Extramedullary disease was noted as an independent risk factor for higher relapse rate after either transplant approach.
Unexpectedly, cytogenetics did not affect outcomes in this study. Patient selection might again explain these results in part. Most patients had no cytogenetic abnormalities or favorable/intermediate risk cytogenetics and fewer than 10% had poor risk cytogenetics. One possible explanation for the low frequency of a high-risk cohort in the registry cases is initial treatment failure, prior to any consideration of transplantation. It is also possible that missing karyotype and modern molecular analysis for 12-26% of patients may have confounded the results, although outcomes for those with missing cytogenetics were not different from the outcomes for patients in other categories.
Autologous peripheral blood transplants were associated with a higher risk of relapse, as seen in most other studies, and the risk was even higher in patients over 40 years old. 3, 4, 6, 7, 23 The HOVON/SAKK study of peripheral blood autotransplantation versus consolidation chemotherapy showed a relatively high relapse rate of 58%, albeit significantly better than after consolidation chemotherapy (70%). 3 An EBMT study compared peripheral blood and bone marrow graft sources in patients undergoing autotransplantation for acute myeloid leukemia in complete remission 24 and reported a higher relapse risk in recipients of autologous peripheral blood (bone marrow, 39% versus early peripheral blood, 56% versus late peripheral blood, 46%, P<0.001). Treatment-related mortality rates following peripheral blood or bone marrow autografts were similar (7-9%). Consequently, leukemia-free survival was inferior after peripheral blood transplants than after autologous bone marrow transplants. Following autologous peripheral blood cell transplantation, recipients with a higher CD34 cell dose had the highest risk of relapse. 13, 25 These findings suggest that peripheral blood grafts may include mobilized leukemic cells resulting in greater graft contamination. Information on the CD34 + cell dose was not available for many patients in our study, hence we were unable to study the effect of CD34 + cell dose on outcomes.
An important and still unanswered question is whether autologous transplantation should be routinely used or be further investigated for acute myeloid leukemia in first complete remission. 25 Autotransplantation strategies were initially developed for patients lacking a matched sibling donor or for older patients considered unsuitable candidates for allogeneic transplantation. Over the last decade, safer allografts, suitable for older patients with acute myeloid leukemia, using reduced intensity conditioning, [24] [25] [26] [27] [28] [29] and broad use of well-matched unrelated donor transplants have yielded outcomes similar to those of matched sibling donor allogeneic bone marrow or allogeneic peripheral blood transplants for acute myeloid leukemia in remission. 28, 30, 31 Therefore, only patients without a suitable allogeneic donor might be considered potential candidates for autotransplantation. Nonetheless, the favorable outcomes we report suggest that autologous peripheral blood transplantation should be studied again in well-designed prospective studies, especially in the context of post-transplant immunemediated cell therapy which may target clonogenic leukemic cells. 32 
